ABSTRACT: Microvascular blood flow is related to physiologic instability in newborn preterm infants. We investigated sex-specific differences in basal microvascular blood flow and the ability of the microvasculature to respond to vasoactive stimuli following preterm birth. Ninety-six infants in two gestational age groups (24 -28 and 29 -36 wk) were studied on days 1-5 of life. Laser Doppler flowmetry was used to measure baseline microvascular blood flow and vasodilatation in response to acetylcholine and local warming. A significant interaction of gestational age and sex was observed for baseline flow at 24 h of age. In the 24 -28 wk group, male infants had higher baseline flow than females. Male, but not female, infants born at 24 -28 wk exhibited a significant relationship between baseline flow and vasodilatory response to acetylcholine at 24 h of age. By 120 h of age, both sexes exhibited similar responses. Infants born at 24 -28 wk exhibited greater vasodilatation in response to local warming than those born at 29 -36 wk at 24, 72, and 120 h of age. Sex-specific differences in microvascular blood flow and vasodilatory capacity in the immediate newborn period may affect the transitional circulation, contributing to excess of morbidity and mortality in preterm males. (Pediatr Res 63: 415-419, 2008) 
P
eripheral microvascular blood flow is subject to considerable changes in the first days of extra-uterine life, a period of marked circulatory vulnerability in preterm infants. Myogenic and neural control of skin blood flow must be rapidly established following birth to allow appropriate thermoregulation in the newborn (1) . We have recently demonstrated the relationship between peripheral microvascular blood flow and measures of neonatal physiologic and cardiovascular stability in preterm infants in the immediate newborn period (1a) . In addition, clinical observations support an important role for alterations in microvascular function in the pathologic events associated with septicemia (2) and neonatal polycythemia (3) , and in the process of cardiovascular adaptation following birth (4) .
Sex-related differences in respiratory and circulatory parameters are observed following preterm birth (5, 6) with male sex associated with higher morbidity (7) and mortality (8) . Specifically, the need for inotropic support and the incidence of resistant hypotension has been demonstrated to be significantly higher in extremely preterm male infants in the first day of life (6) . Therefore, abnormal regulation of peripheral vascular resistance, producing inappropriate microvascular vasodilatation, may contribute to the development of circulatory compromise following preterm birth. Previous attempts to link clinical assessment of skin perfusion and early circulatory compromise did not exclude any sex effect and therefore a relationship in either direction (9) .
Microvascular endothelial function can be noninvasively assessed by measuring skin blood flow with laser Doppler flowmetry. The functional integrity of the microvasculature can be studied through transdermal delivery of selective endothelium-dependant vasodilators (10) , such as acetylcholine (ACh), with relaxation dependant on nonnitric oxide, nonprostanoid endothelium-dependant hyperpolarization (11) . In addition, the response to mild local heating (thermal hyperemia) allows interrogation of vasodilatation mediated by neurogenic reflexes and locally released vasoactive substances including calcitonin gene-related peptide and nitric oxide (12) . Both ACh and thermal hyperemic vasodilatation have been shown to be altered in preterm infants and infants born small for gestational age (13, 14) .
Previously, we have demonstrated sexually dimorphic differences in peripheral microvascular function in term infants born following pregnancies complicated by preeclampsia (1a). However, the potential for sex-specific differences in peripheral microvascular function in preterm infants has not been addressed, despite this population of infants being at the greatest risk of circulatory compromise. The present study was undertaken to investigate sex-specific differences in basal peripheral microvascular blood flow and the functional ability of the microvasculature to respond to vasoactive stimuli in preterm infants in the immediate newborn period.
MATERIALS AND METHODS

Subjects.
Preterm infants (24 -36 wk gestation) were studied during the first 5 d of life. As infants born at Յ28 wk's gestation have significantly higher morbidity and mortality compared with infants of more advanced gestational age an a priori decision was made to analyze the infants as two gestational age groups (24 -28 wk and 29 -36 wk). Informed consent was obtained from the infants' parents before the investigation, and the study protocol was approved by the local Ethics Committees at the John Hunter Hospital and the University of Newcastle. Major congenital malformations, chromosomal disorders, imminent demise, or congenital infection excluded admission to this study and factors that could have affected fetal-neonatal vascular development, such as pregnancy induced hypertension and maternal smoking were recorded for later entry into multivariate analysis. Microvascular studies. Microvascular laser Doppler assesses the function of blood vessels of the peripheral microvasculature and skin tissues (15) . Low-intensity laser light is reflected from moving blood cells in the skin circulation, and a measurement of blood flow obtained. Although there are technical limitations of this technique (16) , it is widely used as one of the best noninvasive measures of microvascular flow. We used the Periflux 5001 Laser Doppler (Perimed AB, Järfälla, Sweden) with one temperature-controlled probe sited on the lateral aspect of the lower limb and a second temperaturecontrolled iontophoresis probe sited on the contralateral limb. All laser Doppler studies were performed by a single investigator. Our intrastudy coefficient of variation for baseline blood flow measurement has been reported previously at 14.8% (1a). The coefficient of variation for repeated measures of maximum perfusion change induced by ACh was 18.8%.
Experimental protocol. Investigations were performed with the infants in a thermoneutral environment at least 1 h after the infant was last fed. Microcirculatory recordings were performed at times when the infant was lying supine, quietly, at approximately 24, 72, and 120 h of age.
Basal peripheral microvascular blood flow was recorded for 5 min following which endothelium-dependant vasodilatation was studied by the transfer across the skin by iontophoresis (anodal current of 0.1 mA for 10 s, repeated five times at 60-s intervals) of 2% acetylcholine chloride (Sigma Chemical Co.-Aldrich Chemie GmbH, Steinheim, Germany).
Following the last ACh iontophoresis, lower limb blood flow was occluded in the contralateral lower limb using a sphygmomanometer to produce a 1-min period of absent flow. This allowed biologic zero to be obtained in each experiment. This zero was subtracted from the blood flow in each experiment (17) .
The hyperemic response to local warming was investigated following the determination of biologic zero when basal microvascular flow had returned to preprovocation levels. The temperature-regulated laser Doppler probe was heated from 34°C to 40°C and subsequently heated in 1°C increments at 60-s intervals to a maximum temperature of 44°C. The maximal probe temperature was maintained for 60 s before the cessation of the recording. Peripheral microvascular blood flow recordings were analyzed offline by one investigator masked to the gestation and sex of the infants using custom software (Perisoft 2.1, Perimed AB, Järfälla, Sweden). Vasodilatation in response to ACh and local warming was calculated from the maximal vasodilatation observed for each increment minus baseline blood flow. Only recording sequences free from movement artifacts were analyzed.
Statistical methods. Variables with normal distribution are given as mean (SD) and skewed variables are presented as median (range). Differences between groups were analyzed by Mann-Whitney U test. Microvascular blood flow data were log transformed for further analysis by one-way analysis of variance (ANOVA) for comparison of multiple data sets, treating paired data appropriately. Spearman r was used for correlations between baseline peripheral microvascular blood flow and vasodilatory capacity in response to ACh, derived from the mid-point of the ACh dose-response curve. p Ͻ 0.05 was considered significant.
RESULTS
Ninety-six preterm neonates where studied. Their clinical characteristics are shown in Table 1 . No significant difference was demonstrated between male and female infants for gestational age or birth weight within each of the two gestational age groups. For those infants born at 24 -28 wk's gestation, male infants had significantly more days of oxygen therapy (p ϭ 0.043) and hours of mechanical ventilation (p ϭ 0.029). There is no evidence of any systematic difference in environmental temperature between groups, after adjusting for gestational age.
Peripheral microvascular blood flow and neonatal sex. Baseline microvascular blood flow at 24 and 72 h of age demonstrated a significant inverse relationship with gestational age (24 h: ϭ Ϫ0.624, p Ͻ 0.001; 72 h: ϭ Ϫ0.453, p Ͻ 0.001, Fig. 1 ). ANOVA using gestational age group and infant sex as independent variables was conducted to compare baseline peripheral microvascular blood flow at each time point. A significant interaction of gestational age group and sex was observed at 24 h of age [F(1,77) ϭ 5. Acetylcholine-induced vasodilatation. ANOVA using gestational age group and infant sex as independent variables was conducted to compare vasodilatation in response to ACh. No significant effect of gestational age group or sex was observed at any time point. In light of the gestational and sex-specific differences in basal microvascular blood flow, the relationship between baseline microvascular blood flow and the vasodilatory response to ACh above baseline blood flow was examined. In infants born at 24 -28 wk's gestation, a significant positive relationship between the capacity to further vasodilate above baseline in response to ACh and baseline microvascular blood flow was observed in males ( ϭ 0.829, p Ͻ 0.001, Fig.  3A ), but not in females, at 24 h of age. By 72 h of age female, but not male, infants exhibited a significant relationship between baseline and ACh-induced vasodilatation ( ϭ 0.888, p Ͻ 0.001). By 120 h of age both male and female infants exhibited significant positive relationships between baseline and the capacity to vasodilate above baseline in response to ACh (male: ϭ 0.73, p Ͻ 0.001; female: ϭ 0.806, p ϭ 0.005, Fig. 3B ). In those infants born at 29 -36 wk's gestation, no sex-specific or temporal differences in this relationship were evident, with males and females exhibiting significant positive relationships at each time point. Hyperaemic response to local warming. ANOVA using gestational age group and infant sex as independent variables was conducted to compare the maximal hyperemic vasodilatation at 44°C. A significant effect of gestational age group was observed at each time point [ 
DISCUSSION
This study demonstrates for the first time a sexually dimorphic difference in basal microvascular blood flow in extremely preterm infants, with males exhibiting significantly greater microvascular blood flow than females. This sex-specific difference was present only in the immediate newborn period, being no longer apparent by 72 h of age. In addition, at 24 h of age male infants of less than 29 wk's gestation demonstrated a positive relationship between basal blood flow and the capacity to further vasodilate in response to ACh, a relationship not evident in female infants. This sex-specific difference in microvascular function occurs at a time of circulatory transition to the extrauterine environment. Sexually dimorphic differences in vascular tone and control may influence the transitional circulation and contribute to hypotension and low systemic blood flow most commonly recognized in the first day of life (18) .
Infants born at 24 -28 wk's gestation exhibited significantly greater baseline microvascular blood flow than preterm infants of greater gestational age. The published data on the relationship between baseline microvascular blood flow and gestational age are conflicting. Early studies reported a positive relationship between gestational age and microvascular blood flow, but relied upon venous occlusion plethysmography (19, 20) , which distorts blood flow in the microcirculation, fails to differentiate between blood flow in muscle and skin, and is noncontinuous. More recent studies, using laser Doppler flowmetry and electrocapacitance plethysmography allowing accurate measurement of skin blood flow only, are in agreement with the current findings (21, 22) but failed to take the sex of the infant into account.
In the 24 -28 wk gestational age group, male infants exhibited significantly higher baseline flow than females. We hypothesize that the greater microvascular flow observed in extremely preterm males may compound the early circulatory vulnerability, characterized by impaired myocardial contractility and ductal shunting (23) , and contribute to the persistence of hypotension and low systemic blood flow. In light of the relationship between peripheral microvascular function, illness severity, and hypotension in preterm infants previously described by our group (1a), this sex-specific difference in microvascular function may impact upon the transitional circulation and contribute to excess morbidity and mortality in male infants.
Consistent with the sex-specific differences in basal flow, the capacity to further vasodilate above baseline in response to the endothelium-dependant vasodilator ACh exhibited a sexually dimorphic relationship, dependant upon postnatal age, in infants born at 24 -28 wk's gestation. At 24 h, male infants exhibited a positive correlation between baseline flow and vasodilatory capacity. No relationship was observed in females. Thus, the endothelium-dependant response appeared intact in males but was limited in females. The preserved ability to further vasodilate may compound the effects of dysregulated basal microvascular tone and result in male infants being even more vulnerable to circulatory compromise in the immediate newborn period, in particular to hypotension and end-organ reperfusion sequelae such as intraventricular hemorrhage. The lack of relationship in females would support, in the microvasculature, a vasoconstricted state that could be protective. This sexually dimorphic response is not evident by day 5 of life when both sexes exhibit a similar response between baseline blood flow and the capacity to vasodilate.
Unlike earlier studies, which demonstrated no difference in reactivity of skin blood flow or vasodilatation to local warming between preterm and term infants (1, 13) , infants born at 24 -28 wk's gestation demonstrated significantly greater vasodilatation in response to local warming compared with more mature premature infants. However, these previous studies were limited to infants born after 30 wk's gestation (1) or studied at the end of the first week of life (13) .
Local warming has previously been demonstrated to exert no effect on peripheral microvascular blood flow at 2 h of age in term infants (24) . This blunted vasodilatory response has been postulated to be secondary to sympatho-adrenal mediated central thermoregulatory and blood pressure control systems over-riding the local microcirculatory response to heat (25) . Despite previous evidence suggesting sympatho-adrenal immaturity in preterm infants, plasma catecholamines of predominantly adrenal origin have been shown to be comparable to term infants (26) with the sympathetic nervous system playing a lesser role in the response to stressful stimuli in the immediate postnatal period. Reduced central thermoreceptor efferent action, consistent with functional immaturity, may therefore explain the greater vasodilatation observed in the most premature infants. In more mature infants, peripheral vascular resistance and microvascular blood flow correlate with the degree of sympatho-adrenal activation at birth (27) and with maturing autonomic vasomotor control of the cutaneous vasculature (28) , promoting vasoconstriction.
In adults, hormonal status (29) and differences in sympathetic neural activity (30) have both been proposed as the basis for the sexually dimorphic patterns of vascular reactivity observed in later life. However, in neonates the mechanisms underlying the sex-specific differences in microvascular blood flow we have observed are yet to be elucidated. We have previously demonstrated a sexually dimorphic fetal response to inflammatory stressors in pregnancy with the female fetus more sensitive to changes in maternal glucocorticoid concentration (31) , alterations in the fetal hypothalamic-pituitaryadrenal (HPA) axis and downstream effects on glucocorticoidregulated pathways (32) , including the vasculature. Males are hyporesponsive, suggesting glucocorticoid resistance.
The HPA system in adults exerts excitatory effects on sympathetic outflow to the vascular bed and therefore promotes vasoconstriction (33) . In addition, sex-specific differences in HPA function and glucocorticoid metabolism may influence other mediators of vascular tone. Glucocorticoids are known to increase effector organ responsiveness to catecholamines (34) and have been demonstrated to increase Endothelin-1, the predominant vasoconstrictor secreted by the vascular endothelium. Further investigation of the potential sex-specific interaction between glucocorticoids and vasoactive substances known to influence the microvasculature would elucidate the role of this pathway in the preterm infant.
The observed differences in baseline microvascular blood flow and the vasodilatory responses to ACh could involve structural factors (microvascular density and microvascular compliance) in addition to neural and endothelial function. However, previous studies of microcirculatory density in neonates have failed to demonstrate altered microvascular structure despite marked differences in microvascular blood flow, with small sample size preventing investigation of sex-specific differences (35) .
We propose that relative glucocorticoid insensitivity in male preterm infants, in conjunction with the immature sympatho-adrenal system and glucocorticoid-altered end-organ responsiveness, could result in dysregulation of microvascular tone and inappropriate vasodilatation in the extremely preterm male infant. From 72 h of age, no sex-specific differences were evident, suggesting that this interaction is a transient effect. In females, the sexually dimorphic HPA response to stressors in pregnancy may therefore confer a physiologic benefit in the immediate period following preterm birth.
We have demonstrated for the first time sex-specific differences in basal microvascular blood flow and the vasodilatory response to ACh in very preterm infants. These sex-specific differences are evident only in the immediate newborn period, a time of marked physiologic instability following preterm birth. The significantly greater microvascular vasodilatation observed in male infants may affect upon the transitional circulation and contribute the excess of morbidity and mortality associated with male sex following preterm delivery. The underlying mechanisms resulting in this sexually dimorphic pattern of microvascular function have not been fully elucidated and warrant further investigation.
